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In  order  to  study  the  steam  reforming  of  methanol  (SRM)  to  produce  hydrogen  for  fuel  cells,  porous  y- 
alumina  support  is  developed  on  A1  substrate  using  anodic  oxidation  process  and  copper  catalyst  par¬ 
ticles  are  deposited  homogeneously  over  anodic  aluminum  oxide  (AAO)  surface  by  electrodeposition 
method.  We  investigated  the  effect  of  electrodeposition  time  and  hot  water  treatment  (HWT)  on  the 
activity  of  catalysts  for  SRM  reaction  in  the  temperature  range  between  160  and  360  °C.  The  experi¬ 
mental  results  indicate  that  the  SRM  activity,  C02  and  dimethyl  ether  (DME)  selectivity's  over  Cu  catalysts 
increased  as  the  electrodeposition  time  increased  from  30  to  120  s,  further  increment  in  deposition  time 
of  Cu  have  no  significant  effect  on  it.  The  rates  of  SRM  conversion  are  found  to  be  higher  for  the  catalysts 
made  from  the  supports  obtained  after  HWT,  which  may  be  due  to  the  enhancement  in  the  surface  area 
of  AAO  support.  It  is  found  that  the  SRM  activity  and  C02  selectivity  strongly  depended  upon  the  free 
exposed  copper  sites  available  for  methanol  adsorption  and  reaction,  and  DME  in  products  is  mainly 
observed  in  the  reaction  temperature  range  between  300  and  350  °C  and  it  is  higher  for  the  catalysts 
with  low  Cu  content. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  is  considered  as  a  present  and  future  energy  resource 
especially  for  fuel  cells  to  produce  electricity  [1  ].  It  can  be  generated 
on-board  using  liquid  hydrogen  carrier  such  as  methanol  [2,3], 
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ethanol  4],  dimethyl  ether  [5  ,  etc.  Among  the  sources  methanol 
has  several  advantages  for  hydrogen  production  when  compared  to 
the  other  liquid  organics.  Hydrogen  can  be  easily  produced  from 
methanol  by  following  three  processes:  (1)  partial  oxidation  of 
methanol  (POM),  (2)  steam  reforming  of  methanol  (SRM)  and  (3) 
oxidative  steam  reforming  of  methanol  (OSRM) 

CH3OH  +  f  02^2H2  +  C02  = -192.3  kj/mol  (1) 
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CH3OH  +  H20^3H2  +  C02  AH^98  =  49.4  kj/mol  (2) 

CH3OH  +  0.75H20  +  0.125O2  -* 2.75H2  +  C02  \H%  =  0 kj/mol 

(3) 

Among  the  methods,  SRM  can  produce  H2/CO2  in  the  molar  ratio 
of  3/1.  Mainly,  copper-based  catalysts  are  used  for  the  above  re¬ 
actions  due  to  their  high  activity  and  excellent  selectivity  for  CO2, 
and  the  reaction  occurs  at  low  temperatures  in  the  range  between 
200  and  350  °C  [6-9]  and  the  products  are  mainly  hydrogen  and 
carbon  dioxide  with  a  small  amount  of  CO,  usually  less  than  1%,  as  a 
by-product  [10,11]. 

Present  technology  for  methanol  reforming  uses  packed-bed 
type  catalytic  reactors  that  deteriorate  from  a  number  of  inherent 
problems  such  as  precipitous  temperature  gradients  caused  by 
poor  thermal  conductivity  of  the  catalyst  bed  as  well  as  large 
pressure  loss  through  the  bed.  The  temperature  gradient  in  the 
reactor  can  cause  a  hot  spot  which  results  in  poor  performance  due 
to  catalyst  deactivation  by  sintering  and  generation  of  a  large 
amount  of  CO  [12-14  .  To  overcome  this,  a  metal  monolith  type 
reactor  has  been  suggested  as  a  promising  solution  as  these  re¬ 
actors  allow  rapid  heat  transfer  along  the  axial  direction  of  the 
reactor  by  conduction  through  the  wall,  thereby  reducing  the 
temperature  gradient.  The  metal  monolith  type  support  is  usually 
made  of  a  high  thermal  conductivity  as  well  as  high  mechanical 
durability  metal  such  as  aluminum  [14  and  has  a  large  metal  area, 
on  which  a  catalyst  layer  can  be  grown  or  coated.  This  type  of 
reactor  is  differentiated  by  a  low  pressure  drop  and  easy  to  scale  up 
or  scale  down. 

To  prepare  a  high  conductivity  metal  monolith  type  reforming 
catalyst  support,  it  should  be  formed  on  the  metal  surface.  One  of 
the  effective  ways  of  forming  a  layer  of  catalyst  support  on  the 
metal  surface  is  anodic  oxidation,  an  electrochemical  process  that 
forms  various  metal  oxides.  It  is  well  known  that  alumina  is  an 
effective  catalyst  support,  when  methanol  is  reformed.  Anodic 
oxidation  of  aluminum  occurs  within  an  electrolyte  bath  when 
aluminum  is  connected  to  an  electric-current  source  as  an  anodic 
electrode,  while  graphite  is  used  as  a  cathode  [15,16].  The  anodic 
electrode  surface  is  oxidized  based  on  the  following  reaction  for¬ 
mulas  ((4)— (6)) 

Anode: 

2Al(s)  +  3H20(1)  A1203  (s)  +  6H+  +  6e“  (4) 

Cathode: 

6H+  +  6e--3H2(g)T  (5) 

Overall: 

2Al(s)  +3H20(1)->A1203(s)  +  3H2(g)T  (6) 

The  development  of  a  preparation  method  that  loads  catalytic 
components  onto  the  support  is  very  important  task.  The  point  of 
preparation  method  is  to  achieve  the  deposition  of  catalytic 
component  with  a  high  performance  and  a  strong  adhesion  onto 
the  substrate.  The  impregnation  method  [17  ,  wash  coat  method 
[18-20],  immersion  method  [21-24]  and  the  electroless  plating 
method  [25-28  have  been  reported  so  far  as  the  preparing  method 
of  the  structured  catalysts.  In  each  method,  many  attempts  that 
enlarge  a  specific  surface  area  and  a  TOF  of  active  site  for  the 
catalyst  were  performed  respectively.  However,  for  corresponding 
to  the  variety  of  the  constructed  reaction  field  and  of  the  targeted 
chemical  raw  material,  it  is  necessary  to  develop  another  prepa¬ 
ration  method  that  has  wider  applicability  in  the  catalyst  prepa¬ 
ration.  From  such  viewpoint,  we  have  mainly  investigated  about 


the  electrodeposition  technique  as  a  novel  method  for  preparing 
the  structured  catalyst  for  methanol  steam  reforming  reaction. 

In  the  present  study,  we  have  developed  the  porous  anodic 
aluminum  oxide  plates  (A1203/A1)  as  catalytic  support  and  a  new 
preparation  method  based  on  the  electrodeposition  was  investi¬ 
gated  for  the  preparation  of  structured  Cu  catalyst  supported  on 
AAO  and  the  activity  of  prepared  catalyst  was  studied  for  the 
methanol  reforming  reaction  in  a  tubular  reactor.  Especially,  the 
electrodeposited  Cu/AAO  structured  catalyst  for  the  methanol 
steam  reforming  reaction  has  been  targeted. 

2.  Experimental 

2.2.  Catalyst  support  preparation 

A  high  purity  (99.99%)  aluminum  sheet  (10  cm  x  12  cm,  1  mm 
thick)  was  first  degreased  with  acetone  for  30  min  followed  by 
10  min  of  ultrasonic  cleaning  in  distilled  water  and  then  annealed 
at  400  °C  in  air  for  3  h  to  remove  mechanical  stress  and  then  was 
cleaned  with  acetone  followed  by  distilled  water.  Further  the  foil 
was  anodized  in  a  0.3  M  oxalic  acid  at  40  V  (direct  current  (DC))  for 
24  h  at  10  °C  to  form  a  porous  y-alumina  layer,  whereas  graphite 
plate  was  used  as  cathode.  After  the  formation  of  porous  y-alumina 
layer,  pore  widening  treatment  (PWT)  was  carried  out  by  dipping 
the  plate  in  the  same  oxalic  acid  solution  used  for  anodization  at 
30  °C  for  4  h  and  is  schematically  drawn  in  Fig.  1.  After  completion 
of  PWT,  plate  was  washed  in  deionized  water  at  room  temperature 
for  enough  time  to  remove  residual  oxalic  acid.  Further,  it  was 
subjected  to  hot  water  treatment  (HWT)  in  deionized  water  at  95  °C 
for  30  min,  1  h,  2  h,  3  h  and  these  samples  were  indicated  as  AAO- 
HWT-30  min,  AAO-HWT-1  h,  AAO-HWT-2  h  and  AAO-HWT-3  h, 
respectively.  Finally,  the  AAO  samples  with  a  high  surface  area  were 
obtained  by  calcination  in  air  at  450  °C  for  4  h.  The  prepared  AAO 
supports  were  cut  into  two  pieces  of  5  x  12  cm. 

2.2.  Electrodeposition  of  Cu  over  AAO  supports 

Electroplating  is  the  process  of  deposition  of  a  metallic  coating 
onto  an  object  (AAO  in  the  present  study)  by  putting  a  negative 
charge  onto  the  object  and  immersing  it  into  a  solution  that  con¬ 
tains  a  salt  of  the  metal  to  be  deposited  [29].  In  this  work,  the 
formation  of  copper  plating  on  AAO  surfaces  can  be  represented  by 
the  following  Equations  (7)  and  (8): 

the  anode  oxidation  :  Cu  — ►  Cu2+  +  2e-  (7) 

the  cathode  reduction  :  Cu2+  +  2e~  Cu/AAO  (8) 

The  experimental  apparatus  for  the  Cu  electrodeposition  over 
porous  AAO  template  was  shown  in  Fig.  2.  A  gold  sputtered  AAO 
template  was  used  as  cathode;  whereas  a  copper  plate  (99.99% 
pure)  and  Ag/AgCl  electrode  were  used  as  an  anode  and  a  reference 
electrode.  The  aqueous  solution  containing  Q1SO4  (120  g  L'1)  and 
H3BO3  (45  g  L-1)  was  used  as  electrolyte  solution  for  electrodepo¬ 
sition  of  Cu  metal  particles.  Electrolyte  solution  was  magnetically 
stirred  during  experiments  to  ensure  proper  mixing  of  Cu  ions  and 
to  prevent  depletion  of  ions  near  the  electrode  surface.  The  Cu 
metal  particles  were  electrochemically  deposited  by  using  this 
template  synthesis  technique  [30  (is  schematically  drawn  in  Fig.  1 ) 
at  room  temperature  and  at  a  constant  cathodic  current  density  of 
70  A  m~2.  The  AAO  samples  prepared  with  different  plating  time 
i.e.,  30, 60,  90, 120  and  150  s  indicates  as  Cu/AAO-30  s,  Cu/AAO-60  s, 
Cu/AAO-90  s,  Cu/AAO-120  s  and  Cu/AAO-150  s,  respectively.  In  a 
similar  way  HWT  treated  samples  also  underwent  for  Cu  electro¬ 
deposition  at  constant  time  (120  s)  and  the  resulted  catalyst 
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iriliimiifeiiiin  samples  were  denoted  as  Cu/AAO-HWT  30  min,  Cu/AAO-HWT  1  h, 

Cu/AAO-HWT  2  h  and  Cu/AAO-HWT  3  h,  respectively.  After  depo¬ 
sition,  the  obtained  samples  were  washed  several  times  with 
distilled  water  and  dried  in  an  oven  at  80  °C  for  12  h. 

2.3.  Catalyst  characterization 


* 


After 2 4  li  anodization  (A1203/A1) 


After  p  ore  widening  treatment  (PWT) 


with  or  without HYVT  follow  ed  by 


electro  deposition  of  Cu/AAO 


Fig.  1.  Schematic  representation  of  the  anodic  aluminum  oxide  (AAO)  template  growth 
and  the  steps  involved  in  the  preparation  of  Cu/AAO  catalyst. 


The  BET  specific  surface  area  of  the  obtained  AAO  samples  was 
determined  using  the  nitrogen  adsorption  method  (Micromeritics 
ASAP  2020),  where  outgas  operation  was  set  at  300  °C  for  2  h.  The 
XRD  patterns  of  the  catalysts  were  collected  on  a  Rigaku  Powder 
Diffractometer  (D/Max-2500)  using  Cu-Ka  radiation  in  the  20  range 
of  20-80°.  Metal  loading  in  the  SRM  catalyst  was  determined  using 
ICP-OES  system  (Optima  7300DV,  Perkin  Elmer)  with  a  dual  view 
(axial  and  radial)  at  the  40  MHz  frequency  in  the  wavelength  range 
of  165-783  nm.  The  surface  morphology  of  AAO  was  measured  on  a 
FE-SEM  (JEOL  JSM-6701F)  machine  at  an  accelerating  voltage  of 
10  kV.  The  copper  loading  in  the  catalyst  samples  was  confirmed  by 
EDAX  (HITACHI  S-4800)  attached  to  FE-SEM.  Prior  to  the  analysis, 
the  sample  surface  was  coated  with  Pt  to  enhance  the  conductivity 
of  the  sample.  The  copper  surface  area  was  measured  via  N2O 
dissociation  over  the  catalyst  samples  [31  .  A  150  mg  sample  was 
first  reduced  at  300  °C  for  2  h  under  a  10%  H2/He  mixture  that 
flowed  at  50  mL  min-1.  Then  the  sample  was  cooled  to  80  °C  under 
He  flow,  and  a  100  pL  N2O  pulse  was  injected  in  a  series  of  10  min 
intervals  using  He  as  the  carrier  gas  (25  mL  min-1).  The  N2  and  N20 
in  the  effluent  were  separated  in  a  Porapak  N  column  (1.8  m  and  1  / 
8  inch)  at  room  temperature  and  analyzed  with  a  TCD  detector. 

2.4.  Steam  reforming  of  methanol  experiment 

SRM  is  carried  out  in  a  fixed  bed  reactor  over  a  temperature 
range  of  160-360  °C  at  atmospheric  pressure.  The  catalyst  was  cut 
into  pieces  (2-3  mm2  size)  and  packed  into  a  1/4  inch  quartz  tube 
reactor.  The  temperature  of  the  reactor  was  increased  at  a  rate  of 
0.7  °C  min-1.  A  methanol  and  a  water  saturator  were  used  sepa¬ 
rately  to  vaporize  the  liquid  feed.  N2  was  used  as  a  carrier  gas  to 
carry  the  vapors  from  each  saturator  and  flow  rate  of  N2  was 
controlled  by  using  mass  flow  controllers.  A  water  circulating  baths 
were  used  to  control  the  temperature  of  each  saturator.  The  feed 
composition  to  the  reactor  was  10%  CH3OH,  15%  H2O  and  balance  N2 
with  a  total  flow  rate  of  100  mL  min-1.  The  effluent  composition 
was  analyzed  online  by  a  gas  chromatograph  equipped  with  a 
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Fig.  2.  Experimental  apparatus  for  electrodeposition  of  copper  metal  particles  over  AAO. 
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thermal  conductivity  detector  (TCD),  Porapak  Q.  column  was  used 
to  separate  CO2,  CH3OH,  DME  and  H2O  at  the  reactor  outlet.  The 
performance  of  the  catalyst  was  analyzed  in  terms  of  methanol 
conversion.  The  methanol  conversion  was  defined  as  the  mole  ratio 
of  gaseous  carbon  compounds  (CO,  CO2  and  DME)  in  the  product 
stream  to  the  feed  methanol. 

3.  Results  and  discussion 

3.1.  Characterization 

The  amount  of  copper  loading,  BET  surface  area  and  copper 
metal  surface  area  of  the  catalyst  and  support  itself  are  shown  in 
Table  1.  The  BET  surface  area  of  the  HWT  treated  AAO  support 
(47.21  m2  g-1  for  AAO-HWT  1  h)  was  higher  than  that  of  the  un¬ 
treated  AAO  (28.8  m2  g-1).  This  is  because  the  HWT  treatment 
process  consequently  opened  the  pores  of  AAO  and  enlarged  the 
surface  area.  Also  at  the  HWT  conditions  only  the  top  layer  of  AAO 
film  is  hydrated  and  rest  of  the  film  retains  its  porous  structure. 
However,  there  was  a  large  improvement  in  the  surface  area  was 
observed,  for  example  47.21  m2  g'1  was  obtained  for  AAO-HWT  1  h 
support.  At  higher  HWT  treatment  time  (more  than  1  h)  does  not 
much  influenced  on  surface  area  enhancement.  Further,  the  surface 
area  gradually  decreased  with  copper  loading  on  to  the  pores  of 
AAO.  From  N20  dissociation  studies,  the  copper  metal  surface  areas 
of  the  AAO  supported  catalysts  are  0.846,  1.54,  1.89,  2.81  and 
2.94  m2  g-1  has  been  obtained  for  Cu/AAO-30  s,  Cu/AAO-60  s,  Cu/ 
AAO-90  s,  Cu/AAO-120  s  and  Cu/AAO-150  s  catalysts,  respectively. 
For  the  AAO-HWT  supported  catalysts,  Cu  metal  surface  areas  are 
3.29,  3.82,  3.65,  and  3.2  m2  g-1  for  Cu/AAO-HWT  30  min,  Cu/AAO- 
HWT  1  h,  Cu/AAO-HWT  2  h,  and  Cu/AAO-HWT  3  h  catalysts, 
respectively.  As  seen  from  Table  1,  copper  metal  surface  area 
gradually  increases  with  deposition  time  up  to  120  s  after  that  the 
increment  is  very  low  froml20  to  150  s  deposition,  and  in  the  case 
of  HWT  treated  catalysts  also  copper  metal  surface  area  is  higher 
than  untreated  AAO  catalysts.  Up  to  a  certain  loading  time,  the 
copper  deposited  on  the  pores  of  AAO  homogeneously,  and  after 
maximum  distribution  of  copper  metal  particles  into  the  micro¬ 
pores,  further  loading  resulted  in  clusters  of  copper  agglomerates 
and  reduced  the  further  copper  deposition. 

From  ICP-OES  analysis  a  Cu  wt%  of  1.42, 1.98, 2.86, 4.152  and  4.28 
has  been  observed  for  Cu/AAO-30  s,  Cu/AAO-60  s,  Cu/AAO-90  s,  Cu/ 
AAO-120  s,  and  Cu/AAO-150  s  catalysts,  respectively.  For  the  Cu/ 
AAO-HWT  catalysts,  a  Cu  wt%  of  4.49,  5.218,  5.24  and  5.18  for  Cu/ 
AAO-HWT  30  min,  Cu/AAO-HWT  1  h,  Cu/AAO-HWT  2  h,  and  Cu/ 
AAO-HWT  3  h,  respectively  was  observed.  The  higher  Cu  content 


Table  1 

Characteristics  of  the  various  catalysts. 


Catalyst 

BET  surface  area 
(m2  g-1) 

Copper  metal 
surface  area 
(m2  g-1) 

Cu  loading  was 
obtained  with 
ICP-OES  (wt.%) 

AAO  as  prepared 

28.8 

— 

— 

AAO-HWT-30  min 

38.9 

— 

— 

AAO-HWT- 1  h 

47.21 

— 

— 

AAO-HWT-2  h 

43.54 

— 

— 

AAO-HWT-3  h 

41.12 

— 

— 

Cu/AAO-30  s 

24.2 

0.846 

1.42 

Cu/AAO-60  s 

18.1 

1.54 

1.98 

Cu/AAO-90  s 

17.32 

1.89 

2.86 

Cu/AAO-120  s 

16.8 

2.81 

4.152 

Cu/AAO-150  s 

16.24 

2.94 

4.28 

Cu/AAO-HWT  30  min 

32.61 

3.29 

4.49 

Cu/AAO-HWT  1  h 

36.58 

3.82 

5.218 

Cu/AAO-HWT  2  h 

34.9 

3.65 

5.24 

Cu/AAO-HWT  3  h 

35.07 

3.2 

5.18 

in  the  Cu/AAO-HWT  catalysts  can  be  explained  by  the  increased 
surface  area  of  hydrated  supports  and  its  effect  on  catalytic  activity 
can  be  observed  in  the  next  section.  The  XRD  profiles  for  the  series 
of  Cu/AAO  catalysts  and  the  support  itself  was  shown  in  Fig.  3.  The 
Cu/AAO-120  s  and  Cu/AAO-150  s  catalysts  shows  strong  peaks  of  Cu 
indicating  the  presence  of  bulk  species  on  the  surface  and  the  Al 
and  AI2O3  peaks  are  suppressed  due  to  shielding  of  the  AAO  surface 
with  Cu  metal  particles.  The  SEM  analysis  for  AAO,  AAO-HWT,  Cu/ 
AAO  and  Cu/AAO-HWT  samples  are  shown  in  Figs.  4  and  5  which 
confirms  the  micropores  formation  on  AAO  surface  and  impreg¬ 
nation  of  Cu  in  the  pores  of  alumina  throughout  the  film.  As  shown 
in  Fig  4(a),  AAO  formed  with  uniform  pores  at  the  optimum  con¬ 
ditions  of  24  h  anodization  in  0.3  M  oxalic  acid  at  10  °C  with  a  pore 
size  of  50-60  nm.  Similarly,  SEM  morphology  of  AAO-HWT  can  be 
seen  which  shows  a  change  in  surface  as  the  AI2O3  structure  is 
transformed  to  hydrated  alumina.  As  shown  in  Fig.  5(a),  a  large 
number  of  small  fragments  were  observed  on  the  surface  of  AAO- 
HWT  sample  micrograph.  Moreover,  the  fragment  size  was  obvi¬ 
ously  decreased  with  increasing  HWT  time.  Accordingly,  the 
improved  thermal  stability  may  be  obtained  because  of  these 
smaller  alumina  fragments  formation  due  to  the  HWT  treatment, 
which  are  believed  to  absorb  the  expansion  stress  during  heating 
and  contraction  stress  during  sudden  cooling.  Therefore  these 
fragments  may  play  the  role  of  stress  buffer  in  the  expansion  and 
contraction  of  the  support.  In  addition,  the  enlarged  surface  area  of 
the  anodic  alumina  layer  caused  by  the  HWT  treatment  cannot  be 
neglected,  because  it  also  acted  as  a  stress  buffer.  The  presence  of 
Cu  is  revealed  by  EDX  pattern  as  shown  in  Fig.  6.  It  is  evident  that 
the  resulted  nanoporous  layer  mainly  consists  of  Cu  metal  particles. 

3.2.  Effect  of  Cu  electrodeposition  time  on  SRM  conversion 

Fig.  7  shows  that  the  methanol  conversion  systematically 
increased  with  increasing  temperature  from  160  to  360  °C  for  all 
the  tested  catalysts.  The  dependence  of  conversion  on  temperature 
was  remarkable  for  the  Cu/AAO  120  s  and  Cu/AAO  150  s  catalysts. 
Since  at  low  reaction  temperatures  the  activity  is  low  for  all  the 
tested  catalysts,  that  because  of  the  steric  effect  may  limit  the  rate 
of  diffusion  of  the  methanol  molecules  into  the  micropores  of  the 
catalyst  and  may  also  hinder  the  adsorption  and  reaction  on  the 


20  (degree) 

Fig.  3.  XRD  scan  of  Cu  metal  particles  electrodeposited  into  an  AAO  template.  Most 
visible  are  the  Al  peaks  (•)  from  the  substrate,  A1203  peaks  (a)  and  deposited  Cu 
metal  particle  (<111>,  <200>,<220>)  peaks  are  indicated  with  (♦). 
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Fig.  4.  The  surface  FE-SEM  images  of  (a)  AAO,  and  (b)  Cu  loaded  AAO  through  electrodeposition. 


Fig.  5.  The  surface  FE-SEM  images  of  (a)  AAO-HWT,  and  (b)  Cu  loaded  AAO-HWT  through  electrodeposition. 


active  sites,  which  was  diminished  by  the  rapid  movement  of 
molecules  due  to  a  higher  kinetic  energy  at  high  reaction  temper¬ 
atures.  Hence,  both  the  conversion  and  copper  metal  surface  area 
(as  shown  in  Table  1)  with  respect  to  copper  loading  had  a  similar 
trend.  Consequently,  we  think  that  the  SRM  activity  of  the  catalysts 
is  dependent  on  the  free  exposed  copper  sites  available  for  meth¬ 
anol  molecule  adsorption  and  reaction.  When  the  copper  electro¬ 
deposition  time  exceeds  120  s,  the  improvement  in  methanol 
conversion  was  negligible  (for  Cu/AAO  150  s  catalyst)  or  may  be 
low.  The  selectivity  to  CO2  with  respect  to  temperature  was  shown 
in  Fig.  8,  and  it  indicates  that,  for  all  the  prepared  Cu/AAO  catalysts, 
the  selectivity  to  CO2  is  less  due  to  the  formation  of  dimethyl  ether 
(DME)  especially  at  higher  operating  temperatures  (320-360  °C) 
and  the  DME  formation  (Fig.  9)  much  higher  for  the  catalysts  pre¬ 
pared  with  low  deposition  time.  The  reason  may  be  due  to  the 
surface  acidic  sites  of  y-alumina  and  it  may  be  responsible  for  the 
dimerization  of  methanol.  When  increasing  the  Cu  electroplating 
time  on  AAO  resulted  in  the  formation  of  bulk  copper  on  the  surface 
with  120  s  and  150  s  deposition  time  and  it  leads  to  high  CO2 
selectivity.  Mainly  the  DME  product  was  observed  in  the  case  of  Cu/ 
AAO  30  s,  Cu/AAO  60  s  and  Cu/AAO  90  s  in  the  temperature  range  of 
300-360  °C  and  from  230  to  250  °C  for  Cu/AAO  120  s  and  Cu/AAO 
150  s. 

It  was  concluded  that  the  AAO  surface  was  fully  saturated  with 
Cu  metal  particles  for  deposition  time  >120  s  and  shields  relatively 
more  acid  sites  of  alumina.  In  the  case  of  lower  deposition  time  the 
available  AAO  micropores  were  not  sufficiently  plated  with  copper 
metal  particles  and  these  acid  sites  could  not  contribute  to  the 
dehydration  reaction. 

3.3.  Effect  of  hot  water  treatment  on  SRM  conversion 

The  Cu/AAO-HWT  series  catalysts  have  high  copper  content  and 
exhibited  higher  conversion  and  better  CO2  selectivity  compared  to 
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Fig.  6.  EDX  analysis  for  Cu/AAO-120  s  catalyst. 
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Fig.  7.  Conversion  of  methanol  over  Cu/AAO  catalysts,  Cu  electrodeposition  time  var¬ 
ied  from  30  to  150  s. 
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Fig.  9.  Effect  of  electrodeposition  time  on  DME  selectivity  with  temperature  during 
SRM. 


the  Cu/AAO  catalysts  (for  comparison  methanol  conversion  and  CO2 
selectivity  for  Cu/AAO-120  s  catalyst  was  shown  in  Figs.  10  and  11 ), 
and  it  indicates  that,  the  Cu/AAO-HWT  catalysts  showed  a  meth¬ 
anol  conversion  of  76,  86,  83  and  82%  at  350  °C  for  Cu/AAO-HWT 
30  min,  Cu/AAO-HWT  1  h,  Cu/AAO-HWT  2  h  and  Cu/AAO-HWT 
3  h  catalysts,  respectively.  Whereas,  the  Cu/AAO-120  s  catalyst 
was  shown  only  64%  of  methanol  conversion  at  the  same  reaction 
temperature.  Selectivity  to  C02  for  AAO-HWT  series  catalysts  was 
shown  in  Fig.  11,  and  it  was  100%  for  Cu/AAO-HWT  1  h,  Cu/AAO- 
HWT  2  h  and  Cu/AAO-HWT  3  h  catalysts  in  200-350  °C  tempera¬ 
ture  range  and  Cu/AAO-HWT  30  min  catalyst  was  shown  little  less 
C02  selectivity  in  the  310-350  °C  temperature  range.  The  catalyst 
contained  high  copper  content  (Cu/AAO-HWT  1  h,  Cu/AAO-HWT 
2  h  and  Cu/AAO-HWT  3  h)  has  shown  better  C02  selectivity.  The 
formation  of  DME  with  respect  to  temperature  was  shown  in 
Fig.  12,  the  results  were  indicates  that  below  350  °C,  DME  formation 
was  observed  only  in  the  case  of  Cu/AAO-HWT  30  min  catalyst. 
Methanol  conversion  and  C02  selectivity  was  less  for  Cu/AAO-120  s 
though  the  copper  content  was  high  (4.152  wt.%)  which  could  be 


explained  because  of  highly  dispersed  Cu  in  the  pores  of  alumina. 
The  reason  behind  the  low  activity  of  Cu/AAO  series  catalysts  were 
may  be  due  to  the  lower  specific  surface  area  of  AAO  support,  which 
is  much  lesser  than  AAO-HWT  support.  As  described  in  the 
experimental  and  characterization  section,  HWT  treatment  could 
produce  a  support  with  high  surface  area,  at  the  same  time  the 
unfavorable  sealing  of  pores  would  occur,  because  of  the  increased 
hydrated  alumina  sol  in  the  pore  skeleton  and  the  expansion  of  the 
AI2O3  layer.  This  takes  place  especially  at  the  top  of  the  pores,  where 
the  reaction  of  AI2O3  with  hot  water  is  most  rapid.  Water  diffusion 
into  the  micropores  may  inhibit  due  to  the  pores  sealing,  and 
eventually  stop  further  hydration  at  the  bottom  of  the  pores. 
Therefore,  as  reported  elsewhere  [32  ,  before  HWT,  PWT  was 
conducted  in  an  oxalic  acid  solution  for  4  h  at  30  °C  to  widen  the 
pore  radius  and  allow  more  alumina  to  react  with  hot  water  to  form 
hydrated  alumina,  especially  at  the  bottom  of  the  pores.  After  the 
subsequent  HWT  and  calcination,  the  surface  area  of  the  supports 
could  be  enlarged,  as  compared  with  samples  without  HWT. 
However,  further  HWT  treatments  caused  a  gradual  decrease  in 
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Fig.  8.  Effect  of  electrodeposition  time  on  C02  selectivity  with  temperature  during 
SRM. 
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Fig.  10.  Conversion  of  methanol  over  Cu/AAO-HWT  catalysts,  HWT  treatment  time 
varied  from  30  min  to  3  h. 
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Fig.  11.  Effect  of  HWT  time  on  C02  selectivity  with  temperature  in  SRM  reaction. 

surface  area,  as  shown  in  Table  1.  Ganley  et  al.  33]  also  reported  a 
similar  phenomenon  that  after  one  hydrothermal-thermal  treat¬ 
ment,  the  surface  area  of  the  anodic  alumina  increased  from  2.5  to 
25  m2  g-1.  Correspondingly,  as  the  number  of  treatments  increased, 
the  pore  structure  of  the  anodic  alumina  film  fragmented.  Yu  Guo 
et  al.  34]  and  Zhou  et  al.  [24]  also  observed  similar  trend  (decrease 
of  surface  area)  when  calcining  the  support  in  air  or  steam  at 
700  °C.  In  the  present  work  also  we  observed  similar  phenomenon 
that  the  surface  area  of  AAO-HWT  1  h  was  higher  than  AAO-HWT 
2  h  and  AAO-HWT  3  h  supports,  hence  it  was  shown  better 
methanol  conversion  as  well  as  higher  selectivity  towards  C02. 

4.  Conclusions 

Anodized  aluminum  oxide  (AAO)  templates  with  pore  diameter 
range  between  50  and  60  nm  were  synthesized  using  an  oxalic  acid 
based  anodic  oxidation  process  and  the  surface  area  of  prepared 
AAO  templates  was  enhanced  by  hot  water  treatment  technique. 
Series  of  Cu/AAO  and  Cu/AAO-HWT  catalysts  were  synthesized 


Temperature  (°C) 

Fig.  12.  Effect  of  HWT  time  on  DME  selectivity  with  temperature  in  SRM  reaction. 


using  a  novel  electrodeposition  technique  and  the  effects  of  elec¬ 
trodeposition  time  and  HWT  time  of  copper-plated  AAOs  on  SRM 
conversion  were  investigated.  The  experimental  data  indicates  that 
the  Cu/AAO  based  catalysts  prepared  by  electrodeposition  method 
with  respect  to  Cu-plating  time  showed  promising  methanol  con¬ 
version  results.  In  addition,  methanol  conversion  and  C02  selec¬ 
tivity  was  linearly  increased  with  increasing  copper  content  in  the 
AAOs.  Among  the  Cu/AAO  catalysts  Cu/AAO-120  s  was  shown  65% 
of  methanol  conversion  at  350  °C  with  91%  selectivity  towards  C02 
and  the  DME  selectivity  was  4.5%.  It  could  be  concluded  that  the 
copper  content  in  AAOs  played  an  important  role  in  improving  the 
methanol  conversion  and  C02  selectivity,  and  the  higher  copper 
metal  loading  appeared  to  produce  an  increase  in  the  characteris¬ 
tics  of  SRM  conversion  in  spite  of  the  decrease  of  specific  surface 
area  of  the  catalysts  and  increase  in  copper  metal  surface  area. 
Further  methanol  conversion  and  C02  selectivity  were  improved 
over  AAO-HWT  supported  catalysts  and  it  was  observed  that  the 
optimum  HWT  time  was  1  h.  The  Cu/AAO-HWT  1  h  gave  a  meth¬ 
anol  conversion  of  about  86%  at  350  °C,  resulting  in  a  C02  selectivity 
of  100%.  These  results  indicate  that  the  copper  electroplating  on 
AAOs  is  a  useful  technique  for  the  SRM  reaction  with  a  viewpoint  to 
highly  functional  metallic  catalytic  systems. 
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